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Effects of Air and Water Temperatures on Resting Metabolism of Auklets and Other Diving Birds Introduction
Marine endotherms (birds and mammals) face unique thermal challenges in aquatic environments. Thermal conductivity is 23 times higher and specific heat four times higher in water than in air (White 1984) . Moreover, as body size decreases, we expect even greater mass-specific heat loss for small diving birds (de Vries and van Eerden 1995) . Yet, diving birds weighing !2 kg are very abundant in polar and subpolar seas, where air and water are often below the birds' lower critical temperatures. Accordingly, diving birds can have very high food requirements (up to 67% of body mass per day for Cassin's auklet, Ptychoramphus aleuticus; Hodum et al. 1998) , which may restrict them to areas of high food availability (Grémillet et al. 1999) .
To assess the energy requirements of free-ranging birds, daily energy expenditure (DEE) is often estimated from laboratory and field measurements. A common approach is to construct time-energy budgets in which the durations of daily activities (e.g., resting, preening, swimming, diving, flying) are multiplied by their respective costs and summed (Grémillet et al. 2003) . Many studies focus on activities with high cost, such as swimming or flying, but these activities can occupy a relatively small fraction of a diel period. In contrast, during periods at sea, a marine bird can spend 40%-80% of its time floating on the water surface (Falk et al. 2000; Systad et al. 2000; Yoda et al. 2001; Tremblay et al. 2003 Tremblay et al. , 2005 , so that for some species resting costs are a large portion of DEE (40%-60%; Walsberg 1983) . Resting metabolic rate (RMR), which includes both basal metabolic rate (BMR) and thermoregulation costs at the ambient temperature, is thus a critical variable.
For example, Lovvorn et al. (2009) used a spatially explicit model to simulate the energy balance of spectacled eiders (Somateria fischeri) wintering in the Bering Sea. The costs of diving and flying, because they occupied only a small fraction of the day, were a relatively minor part of the overall energy budget, while nonforaging activities had by far the greatest total cost. Respirometry studies on captive birds suggested that the cost of surface swimming and resting on water at -1.7ЊC was about 50% higher than for resting on the ice in air at -14ЊC. The ability of spectacled eiders to get out of the water and onto the ice to reduce their resting costs during nonforaging periods appeared critical to total costs for a 24-h cycle.
Because directly measuring the costs of different activities is expensive and time-consuming, multiples of BMR predicted from allometric relationships are often used; however, they may be problematic (Ellis 1984; Ellis and Gabrielsen 2002) . When multiples of BMR for different activities are not based on measured values for a given species, but rather are predicted from allometric equations derived over a broad range of body masses and taxa, energy budgets may appreciably overestimate or underestimate DEE. For example, conventional extrapolations of BMR for northern gannets (Morus bassanus) underestimated fish consumption by 1300%, mainly due to underestimation of thermoregulation costs (Montevecchi et al. 1984 (Montevecchi et al. , 1988 BirtFriesen et al. 1989) .
While allometry provides a simple and easy approach to predicting energy requirements from body mass, such equations for birds have shown great heterogeneity in the scaling exponent and intercept (White et al. 2007b ). To address this problem, one or several variables known to affect metabolism have been included, such as environmental factors (air temperature, wind, precipitation; White et al. 2007a) , phylogeny (passerine vs. nonpasserine; Lasiewski and Dawson 1967) , circadian rhythm (active vs. resting phases; Aschoff and Pohl 1970; Aschoff 1981) , or latitude (Ellis and Gabrielsen 2002; McKechnie et al. 2006) . However, all these relationships are based on BMR, or the minimum energy expenditure for a bird in air at thermoneutral temperatures. Metabolic rates of seabirds often differ markedly from those estimated by standard equations (Ellis 1984; Bennett and Harvey 1987; Ellis and Gabrielsen 2002) , and direct measurements of basal metabolism for seabirds are usually higher than predicted by Lasiewski and Dawson (1967) or Aschoff and Pohl (1970; Gabrielsen et al. 1988; Croll and McLaren 1993) . These discrepancies may reflect the fact that many seabirds spend most of their lives at sea on cold water, where the temperature is well below their thermoneutral temperatures. For aquatic birds, costs of thermoregulation while floating on water at different temperatures are especially important for accurate estimates of energy requirements.
Thermal conductance, defined as heat flow rate per unit surface area per unit temperature difference from an animal's core to its environment (Gates 1980) , also scales allometrically with body mass (Herreid and Kessel 1967; Aschoff 1981; Gavrilov and Dolnik 1985; de Vries and van Eerden 1995; Schleucher and Withers 2001; Ellis and Gabrielsen 2002) . However, empirical models of thermal conductance have been constructed mostly from heating or cooling rates of carcasses (Herreid and Kessel 1967; de Vries and van Eerden 1995; Luna-Jorquera et al. 1997 ), which does not account for alteration of heat flow at the body surface by changes in posture, vasomotion, piloerection, or evaporation of water. In addition, only a few studies have measured conductance of living animals while floating on water (Stahel and Nicol 1982; Ekker 1989, 1991; Croll and McLaren 1993) . For these reasons, we limit this article to resting metabolism.
Lower critical temperature (T LC ), or the environmental temperature below which an endotherm must expend energy to thermoregulate, is often higher on water than in air (e.g., Prange and Schmidt-Nielsen 1970; Gabrielsen et al. 1988 M b multiples of BMR are not consistent across body sizes. For birds living on water, greater surface area and presumably greater heat loss to water of small birds may result in even greater multiples of BMR with decreasing water temperatures. The metabolic response to being in water may also differ among major taxa; for example, cormorants with wettable plumage have much higher metabolic rates in water than do penguins of similar size (Schmid et al. 1995; Enstipp et al. 2005) . In summary, if differences in RMR between air and water increase with decreasing water temperature and these patterns vary among taxa or with body size, constant multiples of BMR may not accurately represent the elevation in metabolism with decreasing ambient temperature.
To gain further insight into patterns of elevated metabolic rate for birds floating on water versus resting in air at varying temperatures, we measured the RMR of a small diving bird, the Cassin's auklet (Ptychoramphus aleuticus), in the family Alcidae. Because these auklets are small (!200 g) they presumably have high mass-specific heat loss to water and high costs of thermoregulation. Nevertheless, Cassin's auklets inhabit a wide latitudinal range of water temperatures, from Alaska (4ЊC) to Baja, Mexico (20ЊC). We also compared our results for Cassin's auklets with published data on RMR for four groups of diving birds (alcids, diving ducks, cormorants, penguins) while resting in air and on water at a range of ambient temperatures. Important questions were: (1) how do air and water temperatures affect the resting metabolic rate of a small diving bird, and (2) can we estimate the relative costs of resting in air and on water at various temperatures for species of differing body size and taxonomic group? In comparing data for different species, we found large variations that appeared to result from differences in experimental conditions or behavioral state of the birds. When apparent, we alert the reader to these sources of variation. 
Material and Methods

Care of Captive Auklets
Respirometry of Auklets
Open-flow respirometry was used to measure the RMR of auklets resting in air or floating on water at a range of temperatures. Air temperature inside and outside the chamber and water temperature at a depth of 10 cm were measured with thermocouples. These temperatures, air flow rate, and concentrations of O 2 and CO 2 were monitored continuously with a FoxBox and ExpeData software (Sable Systems, Las Vegas, NV). Before experiments, auklets were fasted 15 h and considered postabsorptive (Hilton et al. 2000; Lovvorn 2003, 2004) . Measurements were made during the active phase (0900-1600 hours) of the diurnal cycle in darkened respirometry chambers. For metabolic measurements in air, we used cylindrical plexiglass chambers (diameter, 40 cm; height, 12 cm; volume, 25 L) . Respirometry chambers were placed in temperaturecontrolled cabinets (Frigidaire, Martinez, GA) maintained at air temperatures (T a ) between -10Њ and 30ЊC. For measurements in water, birds were acclimated to experimental conditions for at least 2 wk in a small fiberglass tank (1 m 3 ) with water depth of ∼25 cm. Water temperature (T w ) was varied by adding ice or warm tap water, and birds were allowed to rest at each T w for 11 h before measurements. A plexiglass pyramidal chamber (base length, 47 cm; height, 44 cm; volume 36 L) was lowered over the birds to 4 cm below the water surface to form a tight seal. Air entered and exited the chamber 30 cm and 15 cm above the water surface, respectively, and was equilibrated to ‫4ע‬ЊC of T w .
Air was drawn through the chambers at 4.3-5.2 L min Ϫ1 by a vacuum pump monitored with a mass flowmeter (GFM 37, Aalborg Instruments, Orangeburg, NY), and dried with Drierite before being subsampled by the FoxBox at 150 mL min Ϫ1 to measure O 2 and CO 2 concentrations in air exiting the chamber. Each week the entire system was tested for leaks by the nitrogen dilution technique (Fedak et al. 1981) , and O 2 and CO 2 concentrations of ambient air (20.95% and 0.04%, respectively) were calibrated before and after each experimental run by drift correction in ExpeData. Rates of O 2 consumption ( , mL O 2 VO 2 s Ϫ1 ) and of CO 2 production ( , mL CO 2 s Ϫ1 ), corrected foṙ VCO 2 STP, were calculated by the fractional equivalent method of Withers (1977) and Bartholomew et al. (1981) outlined in Richman and Lovvorn (2008) . For each bird on each experimental day, the respiratory quotient (RQ) was calculated as the ratio of to . We calculated mass-specific energy cost (ẆVCO VO 2 2 kg Ϫ1 ) from the rate of oxygen consumption ( ) using thė VO 2 RQ measured for each experimental bird on each experimental day. We used energy equivalents of 19.8 J (mL O 2 ) Ϫ1 and 20.1 J (mL O 2 ) Ϫ1 for RQs of 0.7 and 0.8, respectively. RMRs in air and while floating on water were plotted for all temperatures measured. To determine the lower critical temperature (T LC ), we removed measurements of heat-stressed individuals above 25ЊC and used a continuous two-phase, straight-line regression procedure following the methods of Nickerson et al. (1989) . In brief, the data were divided into two phases (from 5Њ to 20ЊC in air and 5Њ to 22ЊC on water at 1ЊC increments), and we used least squares regression to determine the slope and intercept of each phase with a continuity restriction that joined the two lines. We sequentially fitted the two phases until the combined sum of squared error (SSE) was minimized. Because the slope in phase 2 did not differ significantly from 0 for the candidate models, we repeated the procedure with phase 2 as a horizontal line and tested whether the reduced model differed significantly from the complete model, using an F-test (see eq.
[15] of Nickerson et al. 1989) . T LC was calculated as the point where the lines representing elevated metabolism at low ambient temperature (either T a or T w ) intersected the line representing RMR within the thermoneutral zone in air, or the range of temperatures of minimum metabolic rate on water.
Any auklet that was agitated or exceptionally active during the experiment was removed from the chamber, and only measurements of birds resting quietly or floating with minimal swimming were used in analyses. Because some individuals were highly active, especially at cold temperatures, not all birds were measured at every temperature. Each bird was weighed at the beginning and end of an experimental run.
RMR of Diving Birds in Air and Water
In our literature review, we were concerned not with basal metabolism (BMR) but rather with resting metabolism (RMR) for species at varying temperatures in air and floating on water. RMR includes both BMR and thermoregulation costs. We limited our review to avian divers for which there were sufficient numbers of measurements for animals resting on water. As with any compilation of data from the literature, data quality was highly variable. Principal shortcomings were inadequate measurements of air or water temperature or lack of data on body mass. Where necessary, values of temperature or body mass were obtained from published studies on the same species using the same experimental protocol or apparatus. We included measurements in air and on water for four families of avian divers: Alcidae (auks and puffins), Anatidae (diving ducks), Phalacrocoracidae (cormorants), and Spheniscidae (penguins). Although there are a number of RMR measurements for Procellariidae in air (review in Ellis and Gabrielsen 2002) , for this group we are aware of no measurements for resting on water that adhere to our selection criteria (see next section).
Selection Criteria
For each species, we included metabolic measurements if they met the following criteria: (i) Measurements were on adults.
(Measurements for sub-adults include elevated metabolism due to growth and were excluded.) (ii) Measurements were as oxygen consumption by open-flow respirometry. (Measurements based on CO 2 production or closed-circuit respirometry were excluded to eliminate differences among methods.) (iii) Mea- It is often difficult to discern a difference in metabolism between active and resting phases of many high-latitude seabirds (Ricklefs and Matthew 1983; Brown and Adams 1984; Baudinette et al. 1986; Gabrielsen et al. 1988) , and the time of day that measurements were taken was not always reported. Thus, we included metabolic measurements regardless of time of day. Although measurements with low sample size are more prone to error, we accepted low sample sizes for species that are difficult to obtain or keep in captivity. To maintain rigorous methodological standards for comparisons among studies and to ensure that an international readership could access the same data sources, we used data only from peer-reviewed publications. For these same reasons, data from unpublished studies that were tabulated in publications by others were also excluded.
Data obtained from the literature were converted from published values of oxygen consumption to units of energy (J). This conversion can be confounded by differences in the caloric equivalent (Ellis and Gabrielsen 2002) . Often a caloric equivalent of 20.08 kJ (L O 2 )
Ϫ1
, representing an RQ of 0.79 or higher, is used to convert oxygen consumption to energy. Because the diets of diving birds generally have high lipid and limited carbohydrate content, an RQ of !0.79 (caloric equivalent of 19.8 kJ [L O 2 ] Ϫ1 ) is more reasonable. High RQs sometimes reported for seabirds are difficult to explain; for example, the RQ p 0.9 for South Georgian cormorant Phalacrocorax shag p imperial atriceps (Bevan et al. 1997 ) suggests a diet of up to 40% carbohydrate in a carnivore. In this aricle, we have used the RQ value reported in the original publication, if it was measured, or else have assumed 0.7. Rate of oxygen consumption was converted to SI units using an energy equivalent of 19.8 J (mL O 2 ) Ϫ1 for and 20.1 J (mL O 2 ) Ϫ1 for . RQ ≤ 0.79 RQ ≥ 0.80 For each of the avian divers examined, we plotted RMR versus temperature of air or water. Based on all measurements of resting metabolism at varying temperatures, we also plotted RMR in air and on water as a function of body mass on an arithmetic scale for the alcids, diving ducks, cormorants, and penguins. Plots of BMR versus body mass M b are often expressed allometrically, that is, by fitting a straight line by least squares regression to logtransformed data and back transforming that equation to an exponential function (Calder 1974; Peters 1983) . However, log transformation can conceal influential outliers, and one must use arithmetic and not logarithmic values when applying the results (Packard and Boardman 2008, 2009 ). Thus, we have plotted RMR versus M b on an arithmetic scale.
Results
RMR of Auklets in Air and Water
For 8 Cassin's auklets (mean SD), we demass p 165 g ‫ע‬ 17 termined RMR in air and on water using a continuous twophase, straight-line regression procedure following the methods of Nickerson et al. (1989) . For the complete model with the lowest SSE, the slope of phase 2 (representing RMR) did not differ significantly from 0 ( in air and on P p 0.224 P p 0.104 water). We repeated the analysis with a reduced model with only the intercept parameter for phase 2 and found no significant difference between the complete and the reduced model (in air 26 ). Lower critical temperature (T LC ) below which RMR (W 0.09 kg Ϫ1 ) rose above the minimum, was higher on water (21ЊC) than in air (16ЊC; Fig. 1 data for water were so variable, but T UC appeared to be about 25ЊC both in air and on water (Fig. 1) . High variability of RMR on water may result partly from differences in posture while floating-some birds slept with their head tucked under a wing and one leg pulled into the plumage, while others floated with head erect and both legs extended, and they occasionally paddled.
RMR of Major Groups of Diving Birds
We plotted RMR in air and for floating on water at varying temperatures of six species for which data were available (Tables 1, 2; Fig. 2 ). Differences in experimental setup, behavioral state of the birds, and body masses of different species prevent detailed comparisons among studies, but some overall trends were apparent. RMR was substantially higher on water than in air at all temperatures for all species except the sea ducks, which showed little difference at temperatures 110ЊC. At lower temperatures on water, the rate of increase in RMR as temperature decreased was also less in the sea ducks than in the other species. For common eider (Somateria mollissima), there was in fact no clear T LC either in air or on water; and on water, RMR showed relatively little increase with decreasing temperature compared to the RMR of the other species. The challenge of comparing data from different studies is emphasized by the very high value for resting on water at 14ЊC for common eider reported by Hawkins et al. (2000) , which may reflect lack of behavioral acclimation to experimental conditions. Nevertheless, the overall impression is that compared to the other species, the sea ducks are unusual in experiencing little or no increase in heat loss to water versus air at temperatures above 10ЊC and much less rapid increase of heat loss to water with decreasing temperature. These patterns hold even when comparing long-tailed duck (Clangula hyemalis) to an alcid and a penguin of similar body mass (Fig. 2) . Some of the lower sensitivity of common eider to temperature probably results from their large body mass. However, double-crested cormorants (Phalacrocorax auritus) of even larger mass responded as strongly to temperature change as the much smaller thick-billed murre (Uria lomvia) and little penguin, suggesting higher mass-specific sensitivity to temperature in cormorants both in air and on water.
RMR among Species of Ducks and Alcids
To explore variations among species within taxonomic groups, we plotted available data for alcids and diving ducks in air and floating on water at a range of temperatures (Fig. 3) . Because publications often provided only regression equations and not data points, we present only fitted lines for the different species. Overall, the data are consistent in showing higher RMR (W kg Ϫ1 ) in both air and water as body mass decreases. In air, the increase in RMR as temperature decreases is often more rapid in smaller group members, but in water this trend is not consistent. Again, sea ducks (long-tailed duck, common eider) differ from alcids in losing little more heat to water versus to air at temperatures 110ЊC and by their heat loss to water increasing at a much lower rate as water temperature declines.
RMR versus Body Mass
To explore variations among taxonomic groups, we plotted all available data (Tables 1, 2) for alcids, diving ducks, cormorants, and penguins of RMR (W) in air and floating on water in relation to body mass (Fig. 4) . For eight alcid species over a range of temperatures in air, RMR (W) appears to scale almost linearly with body mass (Fig. 4A; Table 3 ). Due to a limited number of measurements, we did not fit a curve for alcids floating on water. Similar to the alcids, the diving ducks (Fig. 4B) show linear increase in RMR as a function of body mass both in air and on water, with higher values for water. The metabolic rate for common eider floating on water measured by at 16ЊC was 3.83 W kg
Ϫ1
, 4% higher but not significantly different from RMR in air at . Conversely, RMR for common T 1 1.5ЊC a eider measured by Hawkins et al. (2000) in water at similar temperatures (14Њ-19ЊC) was 10.10 W kg
, 139% higher than their own measurements in air at (4.22 W kg
), and T 1 2ЊC a 164% higher than RMR in air at 16ЊC reported by . Because the value of Hawkins et al. (2000) for resting on water seems too high ( Fig. 4B ; see "Discussion"), it was excluded from the linear regression (Table 3) .
For cormorants, there is no clear trend in RMR (W) with body mass either in air or on water ( Fig. 4C ; Table 3 ). The difference between values in air and on water is greater in cormorants than in the other groups, perhaps because of the cormorants' wettable plumage . For penguins (Fig. 4D) , which span a much larger range of body mass (1-22 kg) than the other groups, increase in RMR with body mass appears to be mostly linear both in air and on water, with higher values on water.
RMR Difference in Air versus Water
For 13 species, we were able to compare the relative increase in metabolism for birds resting in air at apparent thermoneutral temperatures (RMR air at TNZ) and while floating on water RMR water with decreasing temperatures (Table 4) . In some cases, measurements of RMR air at TNZ and RMR water were derived from the same study, while in other cases values were drawn from different studies. As expected, the magnitude of increase in RMR water relative to RMR air at TNZ increased with decreasing water temperature; however; the amount of this increase was not consistent for all species. In particular, the cormorants appear to be the most sensitive to decreasing water temperatures, while the ducks appear least sensitive.
Discussion
In all groups except diving ducks, RMR was always substantially higher when floating on water than in air at the same temperature, and this difference increased with decreasing temperature (Fig. 2) . Although the very small-bodied Cassin's auk- Figure 2 . Resting metabolic rate in air and on water of six species for which data over a range of temperatures from single studies were available. A, Cassin's auklet (see Fig. 1) ; B, thick-billed murre; C, common eider; D, long-tailed duck; E, double-crested cormorant; and F, little penguin. Regression lines in air (dashed) or on water (solid) are provided where available. Measurements from different studies at single temperatures in air (open symbols) or on water (solid symbols) are also shown. Data are from Tables 1 and 2. let did have higher RMR both in air and on water than the larger species, its small size did not result in more rapid rise in RMR with decreasing temperature; thick-billed murre, double-crested cormorant, and little penguin all showed greater rates of increase in RMR at cold temperatures than did Cassin's auklet. Despite its large size, the double-crested cormorant showed patterns of RMR similar to the smaller thick-billed murre and little penguin (Fig. 2E vs. 2B, 2F ). Although this response in water might result from the cormorants' wettable plumage ), wettability does not explain the close similarity of cormorants to these smaller species in response to air temperature. Cormorants appear to have relatively higher heat loss than the other groups both in air and on water (cf. Hennemann 1983; Schmid et al. 1995) . Tables 1 and 2 as are data points from different studies using only a single temperature. PUFF p Atlantic puffin, BLGU p black guillemot, TBMU p thick-billed murre, COMU p common murre, CAAU p Cassin's auklet, DOVE p dovekie, LEAU p least auklet, RAZO p razorbill, COEI p common eider, LTDU p long-tailed duck, and TUFT p tufted duck. Data are from Tables 1 and 2. In contrast to the other taxonomic groups, the sea ducks showed little or no effect of being on water versus in air at temperatures above about 10ЊC, and below 10ЊC on water the increase in RMR with decreasing temperature was more gradual in ducks than in the other groups. Interestingly, grebes may show similar patterns to the ducks (Ellis and Jehl 2003) . For the large-bodied common eider, there was in fact no clear T LC in either medium, with no effect of temperature on RMR in air in summer-acclimatized birds, and no appreciable effect of being on water versus in air during winter at any temperature. Common eider and long-tailed duck are apparently much more cold-adapted than either thick-billed murre or little penguin, whose geographic ranges extend to lower latitudes. Large sea ducks are more buoyant than other aquatic birds (Lovvorn and Jones 1991) , probably because of their exceptionally thick plumage and associated insulative air layer. Although some great cormorants (Phalacrocorax carbo) do inhabit arctic waters, their exceptionally high capture rates allow them to spend minimal time in the water, and cormorants are believed to have evolved in much warmer environments than alcids, sea ducks, or penguins (Grémillet et al. 1999 (Grémillet et al. , 2004 . Despite the confounding influence of differing Tables 1 and 2. experimental conditions, our results show that the response of RMR to being in air versus on water, as well as response to changing temperature in either medium, differs greatly between major taxonomic groups of diving birds regardless of body size.
Within the groups of alcids and diving ducks, trends in effects of body size on the magnitude of RMR are generally consistent both in air and on water, with RMR (W kg Ϫ1 ) increasing with decreasing body size (Fig. 3) . Although the greater heat loss in smaller than larger birds tended to increase as temperature decreased in air, that pattern did not persist in water. The tendency of alcids to lose more heat than diving ducks in water and for that loss to increase more rapidly as temperature decreases than in ducks, held true for all members of these two groups. Based on comparisons between alcids and diving ducks, it appears that body size scaling of RMR may apply within but not between taxonomic groups and in air but not on water.
When body mass scaling of RMR (W) was examined only within major groups (Fig. 4) , the relations were predictable and essentially linear for alcids in air, and for diving ducks and penguins both in air and on water (measurements for alcids in water were too few for analysis). The linearity held not only over the 5-to 10-fold range of body mass for diving ducks and alcids, but also over the 22-fold range of body mass for penguins. For diving ducks and penguins, slopes of the relationships were higher on water than in air (Table 3) . For cormorants, there was no clear trend of body mass scaling of RMR either in air or on water, although values on water were higher than in air (Table 3 ; Fig. 4) .
Variations among Studies
A major challenge in comparing RMR measurements among studies is the strong effect of different experimental conditions and behavioral state of the birds. Two examples will illustrate this point.
For thick-billed murre (mass ∼0.8 kg), Croll and McLaren (1993) found no significant difference (∼3%) between birds resting in air (8.60 W kg Ϫ1 at 20ЊC) and those floating on water (8.84 W kg Ϫ1 at 16ЊC) for the range of temperatures of minimal metabolic rate. However, other studies on thick-billed murre have reported much lower mass-specific metabolism at colder air temperatures. Gabrielsen et al. (1988) found RMR air at 12ЊC of 6.13 W kg Ϫ1 , which is 29% lower than the RMR air and 31% lower than the RMR water reported by Croll and McLaren (1993) . Moreover, the relative increase in metabolism while resting on water with decreasing temperature (T w ) for thick-billed murre (Fig. 2B) shows a much steeper slope than those of the smaller Cassin's auklet ( Fig. 2A) and ducks of comparable size (Fig.  2D ). This pattern might indicate that the larger murres are more sensitive to decreasing water temperatures than the smaller Cassin's auklet, but without measurements for other small alcids such a conclusion is tentative.
Metabolic measurements of common eider (mass ∼1.7 kg) also vary greatly among studies. reported no significant difference between RMR air at T a 11.5ЊC (3.68 W kg Ϫ1 ) and RMR water at T w of 16-25ЊC (3.83 W kg Ϫ1 ). Similar measurements on nonincubating eiders during summer by Gabrielsen et al. (1991a) yielded RMR air of 4.75 W kg Ϫ1 at thermoneutral temperatures (T LCair 17ЊC), a value 29% higher than the value for air reported by , and 24% higher than Gabrielsen et al.'s (1991a) value on water.
For common eider, Hawkins et al. (2000) reported RMR in air (4.22 W kg Ϫ1 , ) that was similar to that of T p 2ЊC LCair in winter and Gabrielsen et al. (1991a) at similar water temperatures. It is possible that the common eiders measured by Hawkins et al. (2000) , in a swim flume with the motor off, were excited by the experimental conditions, resulting in very high metabolic rates while on water. We cannot judge whether the measurement of Hawkins et al. (2000) is too high or that of is too low, although Hawkins et al.'s value is conspicuous when placed in a comparative context (Figs. 2C, 3D, 4B ). Birds used in experiments often have unique temperaments both between species and among individuals of the same species. While some species settle down quickly under experimental conditions (e.g., lesser scaup, Aythya affinis; mallard, Anas platyrhynchos), other species take a long time to acclimate to metabolic chambers, if they acclimate at all (e.g., auklets, scoters, possibly eiders). Measurements presented in Figure 1 were collected only on auklets that appeared calm in the metabolic chamber, and we had to acclimate some of the birds for several weeks before they would settle down under the metabolic dome. The psychological state of the animals can have large effects on measurements of RMR either in air or on water.
Effects of Error in Measurement or Extrapolation
Effects of varying experimental conditions discussed in the previous section or of extrapolating values from inappropriate taxa can have important consequences for models of energy expenditure. As an example in constructing time-energy budgets, if a common eider floated on water at 15ЊC for a conservative estimate of 17 h d Ϫ1 (∼70% of a 24-h period; see Systad et al. 2000) , the total daily cost of that activity based on the values of Hawkins et al. (2000) ), the total cost would Ϫ1 Ϫ1
(RMR p 10.10 W kg p 65.12 kJ h water be ∼1,107 kJ, nearly 2.5 times higher. Such an increase over 70% of the day could double the estimate of required food intake based on a value that appears much too high relative to other measurements (Figs. 2C, 3D, 4B ). Similar discrepancies could result from extrapolating values for diving ducks to alcids, cormorants, or penguins, which show quite different responses to being in water at different temperatures (Figs. 2-4) .
Ecological Importance of RMR on Water
During long periods of resting, the effect of water temperature on energy costs is even greater than during active foraging (Enstipp et al. 2006) . During foraging and other activities, heat generated by muscular work or by digestion (specific dynamic effect) can be used to substitute for thermogenesis. Exercising muscles are seldom 125% efficient, resulting in production of exercise heat. However, this "waste" heat can reduce the need to generate heat by shivering, substantially reducing the cost of thermoregulation (review in Lovvorn 2007). When nondi- 
